Introduction
Itch is the main symptom of allergic skin diseases. Finding strategies to control itch more efficiently requires a better understanding of the underlying itch and scratch mechanisms. Histamine is recognized as a major mediator of itch in humans, and has been the most frequently used stimulus as an experimental pruritogen for brain imaging of itch (Mochizuki et al., 2014a) .
Two main neuronal pathways have been described for itch transmission by Davidson and Giesler (2010) : one mediated by histamine, and another by non-histaminergic mediated, such as protease activated receptor PAR2. The initial itch signal is transmitted from the periphery, to the dorsal root ganglia (DRG), and into the dorsal horn of the spinal cord.
Ascending signals are transmitted through the lateral spinothalamic tract into the brain, where several itch processing areas have been implicated: thalamic nuclei, cortex (somatosensory S1 and S2, cingulate cortex with ACC and PCC, as well as the dorsolateral prefrontal cortex DLPFC), cerebellum, supplementary motor area (SMA), precuneus, amygdala, nucleus accumbens (NAc), insula and claustrum (Davidson et al., 2009 (Davidson et al., , 2012 Mochizuki and Kakigi, 2015b, a; Leknes et al., 2007; Papoiu et al., 2012) . Sensation of itch evokes scratching behaviors, and the pleasant sensations transmitted by scratching may play an important role in the induction of the itch-scratch cycle (Mochizuki and Kakigi, 2015b) . Itch can be inhibited through scratching when inhibitory neurons in the spinal cord are activated, as well as through topdown modulation from the supraspinal level (Akiyama et al., 2011; Davidson et al., 2009) .
Descending signals include signals from areas that belong to the reward system such as the periaqueductal gray (PAG) (Mochizuki et al., 2003; Papoiu et al., 2013) , NAc (Papoiu et al., 2013) , and the striatum (Schneider et al., 2008; Ishiuji et al., 2009; Leknes et al., 2007) .
In vivo studies in histamine H4 receptor (H4R)-deficient mice have revealed that H4R is involved in itch (Bell et al., 2004; Dunford et al., 2007; Yu et al., 2010) , and first clinical studies in humans further support a role for the H4R in mediating pruritus. A selective H4R antagonist inhibited histamine-induced pruritus in healthy volunteers (Kollmeier et al., 2014) and reduced pruritus in patients with atopic dermatitis (Murata et al., 2015) . Though H4R plays a part in pruritus, the mechanism remains unknown. Current data suggests that itch stimuli in the skin leads to the activation of H4R in sensory neurons, which then transmit the signal to the central nervous system (Rossbach et al., 2011; Dunford et al., 2007; Desmadryl et al., 2012) . Most functional studies on central perception of itch were conducted in primates and humans with the aid of Positron Emission Tomography (PET) and functional Magnetic Resonance Imaging (fMRI) techniques to map brain activity during the itch-scratch cycle. C-fos is widely used as marker for neuronal activation. The strengths of this marker are low expression level under basal conditions, inducibility upon a wide range of stimuli, and induction only minutes after acute challenge with maximal levels of c-fos after 1-3 h (Kovacs, 1998) . Transgenic mouse models expressing GFP or EGFP are an elegant research tool and widely used over the last decades (Okabe et al., 1997; Feng et al., 2000) .
Here, we report an in vivo mouse model of acute itch with direct immunostaining of c-fos with visualization using 3,3′-diaminobenzidine (DAB) to detect activation on the neuronal level. It is of clinical interest to determine not only the mechanisms that are involved in the histamine (and specifically the H4R)-mediated itch transmission, but the brain areas involved in the itch-scratch cycle.
Experimental procedures

Mice
Transgenic mice B6.Cg-Tg(Fos-tTA,Fos-EGFP*)1Mmay/J (Stock No: 018306, referred to as c-fos-EGFP mice) were originally obtained from the Jackson Laboratory (Bar Harbor, ME, USA) and kindly provided by the Ghashghaei Laboratory, College of Veterinary Medicine, North Carolina State University, North Carolina, USA. Mice were bred and genotyped using PCR primer sequences and methods provided by the Jackson Laboratory. All mice were healthy and housed in groups of four per cage at 22°C ( ± 2°C) with a 12-h light/dark cycle. Water and a standard diet were available ad libitum. Male c-fos-EGFP mice (10-21 weeks old, 25-30 g) were chosen for the experiments. In vivo studies performed at the College of Veterinary Medicine, North Carolina State University were conducted following the Guide for the Care and Use of Laboratory Animals with the approval of the Institutional Animal Care and Use Committee of the North Carolina State University (IACUC protocol ID #13-058-B). This study is reported in accordance with the ARRIVE guidelines for reporting experiments involving animals.
Timeline for the acute itch model
Experiments were conducted once a week with one animal per group (three animals total). On Friday afternoons, rostral neck hair was removed using NAIR® cream. After sitting for 30 s, the cream was wiped off with soft paper towels soaked in water. Each mouse was then placed in the experimental home cage with ventilated lids in a room with video equipment. These cages matched the housing cages but did not have a water plug-in. The following Monday morning at 7 A M, the mice were injected intradermally with either vehicle (50 μL PBS (phosphate buffered saline, vehicle control), ST-1006 (100 nmol/50 μL) or histamine (0.8 μmol/50 μL, positive control). The mice were then video-monitored for one hour and scratching bouts were counted. A 'scratching bout' was defined as lifting a hind leg from the ground and scratching the skin behind the ears and on the back, and then placing the paw back on the ground or grooming it. The videos were also immediately analyzed to ensure successful induction of itch in the treatment group.
Exactly two hours following intradermal injection, the mice were anesthetized using 1.25% Avertin solution i.p. (7.5 mg/0.6 mL per mouse) following the guidelines for use of Avertin (University of California, 2018) . The use of Avertin was justified, as animals were perfused and not meant to recover from general anesthesia. In addition, the fast induction of deep surgical anesthesia prevents hypoxia of the brain-important in maintaining integrity of the tissue for immunohistochemistry. Cardiac perfusion was performed when the pedal reflex (toe pinch) was absent (1-2 min after injection). For tissue sectioning, 20 mL 4% paraformaldehyde (PFA) solution (room temperature) was used for perfusion and extracted brain was post-fixed in 4% PFA at 4°C for 3 h.
Tissue sectioning, staining and analysis
Brains were mounted in 1.25% agarose and sliced on the coronal plane at 50 μm in three series using a VT1000S vibratome (Leica Microsystems, Wetzlar, Germany).
For c-fos-EGFP analysis, the first set of slices was directly mounted with Permount mounting media and imaged with confocal microscopy using Nikon AZ100C and NIS-Elements software (AR 4.11.00) within 24 h. A 350x magnification for the area of interest was used and stitching of tile scan images was performed when necessary. Maximum intensity projections were generated for analysis. Imaging was completed within 24 h after sectioning. DAB staining for c-fos was performed as previously described (Ghashghaei and Barbas, 2002) . Briefly, floating brain sections were washed with PBS and blocked for one hour in PBS containing 10% rabbit serum and 1% Triton X-100 at room temperature. Sections were then incubated overnight at 4°C in primary goat anti-c-fos polyclonal antibody (Antibody registry: AB_2629503; 1:1000, SC-52-G, Santa Cruz Biotechnology, Dallas, TX, USA), washed three times in PBS, and incubated with secondary biotinylated rabbit anti-goat antibody (Antibody registry: AB_2336126; 1:1000, Vectastain Laboratories, BA-5000, Burlingame, CA, USA) for 1 h at room temperature. After three washes with PBS, the ABC kit (Vectastain Laboratories, Burlingame, CA, USA) in combination with a DAB-Kit (Invitrogen, San Diego, CA, USA) was used following the manufacturer's recommendations. Sections were mounted with Permount mounting media and the whole slices were imaged with brightfield using the microscope technique as described before. A 200x magnification was used and stitching of tile scan images was performed. Analyzed brain areas were selected following two inclusion criteria: 1. Published literature and 2. The pilot study where a screening at low magnification identified areas with high density of c-fos + neurons. Mapping of the brain was performed based on The Mouse Brain in Stereotactic Coordinates (Paxinos and Franklin, 2001) . To confirm EGFP expression in c-fos-EGFP neurons, sections were stained with a chicken anti-GFP polyclonal antibody (1:2000, Abcam, ab13970) overnight, washed three times in PBS and incubated with Cy3 donkey anti-chicken as secondary antibody for two hours (1:4000, Jackson ImmunoResearch Laboratories). Slices were mounted with Permount mounting media and imaged with Nikon TE200 using NIS-Elements software (NIS-Elements V 4.00).
Statistical evaluation
Results are presented as median with SEM or single values with mean as indicated in the figure. For the acute itch model, a two-way ANOVA was applied to compare scratching bouts over time between the different treatment groups. A Kruskal-Wallis test, followed by Dunn's post hoc test, was applied to assess differences after the first 30 min of scratching, as well as for analysis of neuronal c-fos density in the brain. GraphPad Prism version 7.0b was used and p-values below 5% probability were considered statistically significant.
Reagents
The H4R agonist ST-1006 ((N 4 -(2,6-dichlorobenzyl)-6-(4-methylpiperazin-1-yl)pyrimidine-2,4-diamine, C 16 H 20 Cl 2 N 6 *2C 4 H 4 O 4 ) was synthesized by H. Stark as described previously (Sander et al., 2009 ). ST-1006 was dissolved in dimethylsulfoxid (DMSO, 10 mg/mL) and further diluted in sterile PBS to the final concentrations as indicated in methods. Histamine dihydrochloride was purchased from Sigma-Aldrich (MO, USA) and directly dissolved in sterile PBS (w/v) to the final concentrations as indicated in methods. Additional reagents were obtained as indicated: PBS, DMSO, Permount, Agarose and Tween 20 (Thermo Fisher Scientific Inc., MA, USA), and PFA 4% in PBS (Alfa Aesar, MA, USA).
Results
Establishing a mouse model for acute itch in male c-fos-EGFP mice
Histamine and the selective H4R agonist ST-1006 significantly increased itch in male c-fos-EGFP mice compared to vehicle treated mice.
Mice were rid of hair on the rostral back and habituated in the experimental home cage for 3 days. Mice were video monitored for 1 h following injection and perfused 2 h after injection. The brain tissue was harvested, post-fixed for 3 h and prepared for immunostaining (Fig. 1) . ST-1006 (62 ± 14) or histamine (87 ± 4) induced significantly more scratching bouts compared to vehicle injected mice (8 ± 2) during the first 30 min of recording trials ( Fig. 2A) . Itch-inducing concentrations for histamine (0.8 μmol/50 μL) and ST-1006 (100 nmol/50 μL) were determined in pilot experiments (data not shown).
The itch-scratch profiles induced through the selective H4R agonist ST-1006 or histamine indicate significant increase in scratching bouts during the first 30 min compared to vehicle controls (Fig. 2B) . Based on this, mice were allowed to scratch for 30 min to establish a constant signal in the brain before they were perfused 90 min later with brain tissue harvested for c-fos analysis.
Scratching results indicate low (n = 6) and high responders (n = 5) to histamine (Fig. 2C) and central c-fos activation was analyzed in the high responders only. This decision was based on Coggeshall (2005) , who indicates that the intensity of the stimulus is correlated with the amount of c-fos expression. As histamine injections served as the positive control, we wanted to ensure a strong, detectable c-fos signal to establish the model.
Overview mapping of nuclei with high c-fos density in the brain
Schematic overview of brain nuclei in coronal sections with high cfos density as an indicator for neuronal activity in the cortex, striatum, hypothalamus, thalamus, amygdala, and various midbrain nuclei (Fig. 3) . Based on pilot experiments (data not shown), analyzed areas include the cingulate cortex (Cg1/2), the striatum with septohippocampal nucleus (Shi), nucleus accumbens core and shell (NAcc, NAcSH), and the ventral and dorsal parts of the hypothalamic lateral septal nucleus (LSV, LSD), as well as the dorsal part of the dorsomedial nucleus (DMD). In the thalamus, the medial habenular (MHb) nucleus, posterior part of the paraventricular hypothalamic nucleus (PaPo) and the lateral part of the central nucleus in the amygdala (CeL). Other regions included the bed nucleus of stria terminalis (BSTMA, BSTMV) in the forebrain and the periaqueductal gray (PAG) in the midbrain. See also Table 1 for c-fos density (positive neurons per mm 2 ) in each analyzed brain nucleus.
Histaminergic itch and specific H4R activation increase c-fos density in the medial habenula
Histamine and the specific H4R agonist ST-1006 significantly increased c-fos + neuronal density in the medial habenula.
Although various brain nuclei showed increased cfos density only the medial habenula showed activation in the histamine and ST-1006-treated animals compared to almost no activation in the vehicle group. The medial habenula shows significant increase in median c-fos-DAB density when itch was induced with histamine (36 ± 7), compared to almost no c-fos + neurons in vehicle control animals (11 ± 2). The specific H4R agonist ST-1006 led to a higher density of c-fos + neurons (53 ± 21) than histamine ( Fig. 4A/B) . The findings in the c-fos-DAB neurons were confirmed in c-fos-EGFP neurons with significant increase in histamine (101 ± 134) and ST-1006 (201 ± 301), compared to vehicle control (7 ± 5) ( Fig. 4C/D, Table 1 ).
Discussion
This study was a first attempt to identify activated brain areas during the histamine-induced itch-scratch cycle through direct analysis on a single neuron level. We successfully established a mouse model for acute itch in male c-fos-EGFP mice, where we demonstrate for the first time that selective H4R agonist ST-1006 induces itch when injected intradermally. In this acute model, histaminergic itch led to significant increase in c-fos + neurons in the medial habenula in mice.
Although various brain nuclei showed increased cfos density only the medial habenula showed significant activation in the histamine and ST-1006-treated animals compared to almost no activation in the vehicle group. The habenula is well conserved among vertebrates and divided into a medial and a lateral division. It is not only a key regulator of the dopaminergic and serotonergic system in the midbrain, but also processes stimuli from the periphery (Boulos et al., 2017; Shelton et al., 2012b) . The medial habenula receives inhibitory input from GABAergic neurons from the medial septum and the diagonal band (Qin and Luo, 2009 ). Excitatory afferents (glutamatergic, ATP or ACh positive neurons) are received from the triangular septal nucleus or septofimbrial nucleus (Qin and Luo, 2009; Boulos et al., 2017) . The medial Fig. 1 . Schematic overview of the study design. The rostral back of the mouse was depilated and each mouse was habituated in its own experimental home cage. Three days later, itch was induced by intradermal injections of histamine 0.8 μmol/50 μL, ST-1006 100 nmol/ 50 μL or 50 μL vehicle (PBS). Two hours later, the mice were anesthetized, perfused and coronal sections of the brain were taken. Every third section was stained for c-fos-DAB, every second analyzed for c-fos-EGFP. habenula circuitry had not been studied for itch. In mice, Boulos et al. (2017) summarized that behavioral experiments identified the habenula processes nociception and pain control, as well as emotional and cognitive aspects of chronic pain. A role in antinociception is also suggested (Ma et al., 1992; Viswanath et al., 2013) . Pain and itch share similar processing pathways (reviewed in Liu and Ji, 2013) and it is of interest to look into existing data about pain processing and analgesia in the CNS. In humans, fMRI and PET studies support a role of the habenula in analgesia and pain processing (Shelton et al., 2012a) , but further analysis of the medial habenula has not been possible yet due to the lack of resolution in current MRI techniques (Strotmann et al., 2014 (Strotmann et al., , 2013 . A limitation of our study is that we cannot exclude the activation of the medial habenula as consequence of emotion, physical activity or effects secondary to itch. For future studies, comparison with painful stimuli such as formalin or capsaicin will be needed to distinguish between activation pattern of itch and pain.
The H4R is known to mediate itch in the periphery. In early clinical studies, a selective H4R antagonist inhibited histamine-induced pruritus in healthy volunteers (Kollmeier et al., 2014) , and reduced pruritus in patients with atopic dermatitis (Murata et al., 2015) . Here, we show that the selective H4R agonist ST-1006 induces itch peripherally and increased c-fos density in the medial habenula in mice.
Summarized in Mochizuki et al. (2014b) , several areas in the brain have been associated with the itch-scratch cycle. Areas in the cortex, especially the insular cortex and the claustrum, are linked to itch processing. The ACC, the amygdala and the NAc are linked to the emotional sensation of itch. The cerebellum, the premotor cortex and the SMA showed activation when scratching was not allowed. In our study, animals were allowed to scratch, because hind leg scratching bouts are an established readout to assess itch in mice. Jeong and Kang (2015) used a capsaicin-induced itch model in rats and performed manganeseenhanced MRI while the animals were allowed to scratch. Compared to their results, we also saw high c-fos density in some thalamic nuclei, PAG, cortex, amygdala, midbrain, and hypothalamus, but it was not significantly increased through histaminergic itch. In other studies, during investigation of experimental pain in rats, the lateral habenula was found to have increased c-fos activity, suggesting a role in pain processing (Smith et al., 1997; Lehner et al., 2004) . In our pilot experiments, the lateral habenula did not come into focus. Because of overlapping pathways of pain and itch, involvement of the lateral habenula in itch remains to be elucidated.
Literature provides some explanations for differences between DAB and EGFP signal density. Transgenic mouse models expressing GFP or EGFP are an elegant research tool and widely used over the last decades (Okabe et al., 1997; Feng et al. 2015) . Nevertheless, Kovacs (1998) concluded, that there may be threshold differences between different brain areas. The molecular mechanism are not known but might be due to the sensitivity of detection methods.
To our knowledge, this is one of the first studies that screened for activated brain nuclei on neuronal level during peripheral histaminergic itch and scratching. It has been suggested that there is no brain region specifically activated by itch stimuli (Mochizuki and Kakigi, 2015a) . So far, only few studies investigated itch and scratch on a neuronal level. A recent study by Yu et al. (2017) found contagious itch to activate the suprachiasmatic nucleus in mice (Yu et al., 2017) . A study by Song et al. (2012) found c-fos antibody enhanced neuronal activation in the arcuate nucleus neurons through intradermal chloroquine injection. Descalzi et al. (2013) showed neuronal antibody enhanced c-fos activation of the anterior cingulate cortex during histaminergic and non-histaminergic induced scratching. These studies looked at pre-selected, specific brain areas that were already described in literature. Our unbiased approach was to screen the brain for activation patterns during itch and to possibly identify itch-specific areas. However, except for the medial habenula all regions which were analysed did not differ statistically from each other, thus we still conclude, that the medial habenula might be of relevance in the processing of itch-scratch behavior.
Our results are a first step to better understand the basic mechanisms of itch and scratching, and to emphasize the need for mechanistic studies on the central role of itch and scratching.
Although, there is some overlap in activation of brain areas, itch and scratching appear to be processed differently. Studies in primates and humans identified activation of ventral posterior thalamic nuclei in Fig. 2 . Intradermal injection of the selective H4R agonist ST-1006 and histamine significantly increased scratching bouts in c-fos-EGFP transgenic mice. A. After 30 min, ST-1006 (62 ± 14 bouts, 100 nmol/ 50 μL) and histamine (87 ± 4 bouts, 0.8 μmol/ 50 μL) induced significantly more scratching bouts in c-fos-EGFP mice compared to vehicle (8 ± 2 bouts) treated mice. Shown are the high responders for histamine. *p < 0.05, **p < 0.01, Kruskal-Wallis test followed by Dunn's post hoc test, single values with mean, n = 5-7 mice per group. B. Scratching profiles over 1 h show significant differences between the ST-1006 and histamine group compared to the vehicle group during the first 30 min after intradermal injection. Shown are the high responders for histamine. *p < 0.05, **p < 0.01, two-way ANOVA, mean ± SEM. C. Final analysis revealed low and high responders to histamine and brain mapping was performed focused on the high responders (> 100 bouts in 1 h). Single values, n = 5-7 mice per group. Fig. 3 . Schematic overview mapping of the analyzed brain nuclei with high c-fos-DAB density in coronal sections from rostral to caudal. High c-fos density as indicator for neuronal activity in nuclei in the cortex (dark blue), striatum (light blue), hypothalamus (red), thalamus (dark brown), amygdala (green), and midbrain (yellow). Analyzed areas include cingulate cortex (Cg1/2), septohippocampal nucleus (Shi), nucleus accumbens core and shell (NAcc, NAcSH), ventral and dorsal parts of the hypothalamic lateral septal nucleus (LSV, LSD) as well as the dorsomedial nucleus (DM). In the thalamus, the medial habenular (MHb) nucleus and the lateral part of the central nucleus in the amygdala (CeL). Other regions included the bed nucleus of stria terminalis (BSTMA, BSTMV, light brown), and the periaqueductal gray (PAG). See also Table 1 for c-fos density (positive neurons per mm 2 ) in each analyzed nucleus. *p < 0.05, **p < 0.01, Kruskal-Wallis test followed by Dunn's multiple comparison test, median ± SEM, c-fos density in neurons/mm 2 , n = 5-7 mice per group.
N/A = not analyzed.
histamine-induced itch using electrophysiology and fMRI Arterial Spin Labeling (Davidson et al., 2012; Papoiu et al., 2012) . Therefore, further studies are needed to determine the differences. Non-histaminergic and histaminergic pruritogens induce itch through different pathways. Nevertheless, they seem to activate similar areas in the brain (Davidson et al., 2012; Papoiu et al., 2012; Jeong and Kang, 2015) and it will be of interest to investigate the activation pattern in the brain of strong nonhistaminergic pruritogens on a neuronal level. Further controls such as mice which vigorously exercise (motor areas) and mice exposed to painful stimuli (itch inhibitory effect) would be helpful to further characterize itch specific areas in the brain. In comparison to acute itch, stimulus-specific patterns of activation differ in diseases where chronic itch is involved and structural changes in the brain may occur over time (Mochizuki et al., 2017) . To understand these changes during chronic itch, more studies investigating central mechanisms in acute itch are necessary. In summary, our study suggests, that the medial habenula could be a new, interesting target to investigate and subsequently develop novel mechanism-based strategies to treat itch, and possibly provide a locus for pharmacological control of pruritus.
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